The physiological response of plants growing in their natural habitat is strongly determined by seasonal variations in environmental conditions and the interaction of abiotic and biotic stresses. Here, leaf water and nutrient contents, changes in cellular redox state and endogenous levels of stress-related phytohormones (abscisic acid (ABA), salicylic acid and jasmonates) were examined during the rainy and dry season in Vellozia gigantea, an endemic species growing at high elevations in the rupestrian fields of the Espinhaço Range in Brazil. Enhanced stomatal closure and increased ABA levels during the dry season were associated with an efficient control of leaf water content. Moreover, reductions in 12-oxo-phytodienoic acid (OPDA) levels during the dry season were observed, while levels of other jasmonates, such as jasmonic acid and jasmonoyl-isoleucine, were not affected. Changes in ABA and OPDA levels correlated with endogenous concentrations of iron and silicon, hydrogen peroxide, and vitamin E, thus indicating complex interactions between water and nutrient contents, changes in cellular redox state and endogenous hormone concentrations. Results also suggested crosstalk between activation of mechanisms for drought stress tolerance (as mediated by ABA) and biotic stress resistance (mediated by jasmonates), in which vitamin E levels may serve as a control point. It is concluded that, aside from a tight ABA-associated regulation of stomatal closure during the dry season, crosstalk between activation of abiotic and biotic defences, and nutrient accumulation in leaves may be important modulators of plant stress responses in plants growing in their natural habitat.
Introduction
In addition to rainforests as sites of high diversity of neotropical plants, open vegetation on mountain tops represents another important diversity hotspot. The Espinhaço Range in eastern Brazil has a peculiar landscape that has influenced the vegetation pattern of the region because of its valleys, canyons, ranges and disjunct rock outcrops found at high elevations. In this region, a vegetation type known as campos rupestres (rupestrian fields) that occurs in disjunct outcrops exhibits high levels of species richness and endemism (Lousada et al. 2011) . Although great efforts have thus far been made to better understand the systematics, phytogeography and genetic structure of endemic plants in this region (Lousada et al. 2011, Bitencourt and Rapini 2014) , still little is known about their ecophysiology.
The rupestrian field vegetation is exposed to marked seasonal variation, with dry winters and more humid, rainy summers. A complex, diverse set of physical (abiotic) and biological (biotic) environmental stress factors, acting individually or in conjunction, have presumably forced these plants to develop a plethora of physiological processes for adaptation. Scarcity of water in the soil during the dry season triggers a variety of plant stress responses, and this soil-water deficit can occur simultaneously with other stresses, such as changes in temperature, relative humidity and the availability of energy (light) and mineral
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nutrients. Furthermore, biotic factors, such as pathogens or herbivores, can also challenge, and potentially damage, plants, thus threatening biodiversity (Medina and Fernandes 2007 , Carvalho et al. 2012 . When plants are subjected to stressful conditions, such as drought, high light intensity, temperature extremes, salinity or mineral deficiencies, increased production of reactive oxygen species (ROS) is generally observed (Mittler 2002) . The main ROS include singlet oxygen, superoxide anion radicals, hydroxyl radicals and hydrogen peroxide (H 2 O 2 ), which are produced in chloroplasts, peroxisomes, mitochondria, the plasma membrane and/or the apoplast depending on the type, timing and severity of the stress (Smirnoff 1998 , Bartels 2001 , Apel and Hirt 2004 , Bartels and Sunkar 2005 , Suzuki et al. 2012 ). Hydrogen peroxide is generated predominantly in peroxisomes, chloroplasts and mitochondria, as a consequence of physiological processes such as photorespiration, photosynthesis and respiration (Neill et al. 2002 , Yousuf et al. 2012 . Environmental stress conditions, such as soil-water scarcity, that slow photosynthesis without proportionally changing light absorption generate an excess of excitation energy (imbalance between light absorption and light utilization), which can lead to an increased production of singlet oxygen, superoxide anion radicals and H 2 O 2 , Noctor et al. 2014 . Reactive oxygen species transiently formed in specific cell compartments can serve in essential signalling roles and modulate gene expression leading to acclimation responses; however, when formed at high concentrations, ROS may be toxic and damaging for the organism , Noctor et al. 2014 . Plants possess efficient antioxidant defence mechanisms to prevent oxidative damage, control ROS production and provide resistance to environmental stress via activation of enzymatic and non-enzymatic antioxidant systems (Mittler 2002 , Apel and Hirt 2004 , Mittler et al. 2004 .
Whereas a number of studies have addressed plant responses to soil-water deficit by focusing on water relations, stomatal closure and antioxidant protection in plants growing in temperate climates (Munné-Bosch and Alegre 2003 , Peñuelas et al. 2004 , Zang et al. 2014 , little is known about the effects of concomitant mineral nutrition deficiency as a stress factor affecting antioxidant mechanisms in plants. Whereas micronutrients have a functional role, macronutrients have both structural and functional roles, and together form a complex integrated system that regulates plant function. Low nutrient availability results in decreased photosynthesis rates (Mooney et al. 1991) and, via over-reduction of components of the photosynthetic electron transport chain, enhanced ROS production. Macronutrient deficiency can therefore induce oxidative stress, but the nature and extent of such perturbations and the resulting antioxidative responses vary largely (Tewari et al. 2004 (Tewari et al. , 2006 .
Aside from plant response to biotic and abiotic stresses, ROS exert a major role in the control of cell-cycle regulation, programmed cell death, hormone signalling and other key processes of plant development. Several studies extend our understanding of ROS and suggest a dual role for ROS in plant biology as both toxic by-products of aerobic metabolism and key regulators of growth, development and defence pathways (Foyer and Noctor 2005 , Yousuf et al. 2012 . Among ROS, H 2 O 2 is considered to play a central role in plant signalling, regulating plant development and adaptation to biotic and abiotic stresses. Abscisic acid (ABA), salicylic acid (SA) and jasmonates are required for growth and development of plants and defence responses during environmental stresses (Davies 2010) . Abscisic acid-mediated adaptive responses are critical to plant survival during drought, salt and cold stress. Under drought conditions, ABA-induced stomatal closure is an important mechanism by which higher plants regulate water balance and survive under soil-water deficits (Zhang et al. 1987 , Steuer et al. 1988 , Zhu 2002 . While abiotic stress in plants is studied extensively, its interaction with biotic stress is still poorly understood.
Endemic plants from the Espinhaço Range include a variety of plants of the Velloziaceae, and essentially tropical plant family, with 85% of the world's Velloziaceae species occurring in Brazil (Giulietti et al. 2005) . Velloziaceae are particularly abundant in the rupestrian fields vegetation of the Espinhaço Range, in National Park of Serra do Cipó (Minas Gerais, Brazil), where ∼90% of their species are endemic (Giulietti et al. 2005) . The Espinhaço Range is a chain of mountains with altitudes between 800 and 1900 m, a region declared a Biosphere Reserve by UNESCO in recognition of its high diversity and large numbers of endemic species, and with outstanding interest for conservation (Giulietti et al. 2005) . Vellozia gigantea (Velloziaceae), in particular, is an endemic and perennial arborescent species of the rupestrian fields of Brazil that is classified as threatened to extinction in the vulnerable category due to small population sizes and a very restricted distribution (Mello-Silva and de Menezes 1999) . Vellozia gigantea can attain a height of up to 6 m, making it the largest species of Vellozia so far described. This species is particularly interesting, both in terms of morphology and geographical distribution, and constitutes an example of the uniqueness of the flora of the Brazilian rupestrian fields (Lousada et al. 2011) . Furthermore, its ecophysiology is emerging as being of particular interest. A previous study reported the presence in leaves of this species of tocotrienols that, together with tocopherols, constitute the vitamin E group of compounds (Morales et al. 2014) . While tocopherols typically accumulate in photosynthetic tissues, tocotrienols had only been reported to accumulate in seeds and only in particular plant groups (mainly in monocots, Siles et al. 2013) . Remarkably, V. gigantea contains both tocopherols and tocotrienols in its leaves. Furthermore, this species has been shown to be highly resistant to photo-oxidative stress (Morales et al. 2014) . Here, we extended this work and performed a more detailed ecophysiological study on this endemic species, with a particular focus on evaluating the influence of seasonal variations in soil-water deficit, to better understand the relationships between water and nutrient contents, cellular redox status and phytohormones in modulating the stress response during the dry season.
Materials and methods

Studied species and field site
We studied V. gigantea (N. L. Menezes and Mello-Silva, Velloziaceae), an endemic monocot species growing in the Brazilian rupestrian fields. As arborescent species are up to 6 m high, these plants exhibit a dracenoid habit. Stems are highly branched, thickened at the base (up to 180 cm diameter) and thinned at the apex (3-5 cm diameter). Leaves of V. gigantea are lanceolate with serrate margins, apically concentrated and deciduous, leaving persistent leaf sheaths. The flowering period is short and associated with the beginning of the rainy season. Arborescent plants of V. gigantea grow exclusively on rock outcrops, as distinct, isolated landscape features.
The present study took place in the rupestrian fields of Serra do Cipó at south-eastern , where a natural population of V. gigantea is located, within the municipal districts of Jaboticatubas, Santana do Riacho, Morro do Pilar and Itambé do Mato Dentro. Its total area is 33,800 ha with a perimeter of ∼154 km (for map, see Calisto et al. 2000) . Rupestrian fields are characterized by the occurrence of rock outcrops and arenarious fields characterized by quartzitic mountains that originated from nutrient-poor parent rocks (Benites et al. 2007 , Oliveira et al. 2015 , with altitudes varying between 1000 and 1400 m above sea level (a.s.l.), reaching 1800 m a.s.l. in certain areas (Menezes and Giulietti 1986) . Serra do Cipó corresponds to the meridional portion of the mountainous system of Espinhaço that extends from the north of the Ferrous Quadrilateral, in the longitudinal direction, going by the north of Minas Gerais and crossing Bahia State. According to the climate classification of Köppen-Geiger ( Köppen and Geiger 1954 , Köppen 1990 , Kottek et al. 2006 , Serra do Cipó's climate is considered to be altitude-tropical or moderate humid sub-tropical, with well-defined dry (autumnwinter) and rainy (spring-summer) seasons. Average annual temperatures and rainfall range between 17 and 18.5 °C and between 1450 and 1800 mm, respectively, causing an annual potential evapotranspiration of 700-850 mm.
Sampling design
To study seasonal effects on the physiology of plants, 36 randomly selected V. gigantea individuals were sampled during May (rainy season) and September (dry season). Fully expanded, mature leaves with no visual damage were selected for measurements. All samples were taken around midday (between 11:00 and 13:00 solar time) from sun-exposed leaves. Sampled individuals differed in size, with a stem perimeter ranging between 20 and 180 cm. Therefore, plant size was also considered in data analyses as a second variable.
Water status parameters (relative water content, leaf hydration and stomatal conductance), nutrient contents (including both macro-and micronutrients, and other elements), cellular redox status markers (including H 2 O 2 , ascorbate levels, ascorbate redox state and vitamin E levels) and leaf concentrations of the stressrelated phytohormones (ABA, SA and jasmonates) were analysed. For each individual plant, stomatal conductance was measured in situ from an attached leaf and the same leaf was subsequently collected for leaf-water-status measurements. Then, three additional leaves of the same shoot and characteristics were collected, immediately frozen in liquid nitrogen and transported to the laboratory, where samples were stored at −80 °C until analyses.
Ecophysiology of the endemic plant Vellozia gigantea 255 Table 1 . P values of the analysis of covariance (ANCOVA) to test for the plant size and seasonal effects on leaf water, nutrient and redox status and stress-related phytohormones in V. gigantea under field conditions. Significant differences are shown in bold (P < 0.0019, Bonferroni adjusted).
Parameters
Plant 
Leaf water status
Stomatal conductance was assessed via gas exchange from attached leaves with a portable diffusion porometer (model AP4, Delta-T Devices Ltd, Cambridge, UK). Then, leaves were collected, transported to the laboratory in thermal bags at ∼4 °C in darkness and weighed to estimate fresh weight (FW). Next, leaves were immersed in distilled water for 24 h at 4 °C and weighed for turgid weight (TW). Thereafter, leaves were dried at 80 °C for 24 h and weighed for dry weight (DW). Relative leaf water content (RWC) was calculated as 100 × (FW − DW)/ (TW − DW) and leaf hydration as (FW − DW)/DW.
Nutrient contents
Foliar concentrations of mineral nutrients were measured after acid digestion of oven-dried material by atomic-emission spectrophotometry. Samples dried at 80 °C for 24 h were ground and digested using Teflon reactors in which ∼100 mg of sample were dissolved in nitric acid (HNO 3 ) and purified water. After digestion overnight at 90 °C, the extract was re-dissolved in purified water and transferred to specific glass tubes for ICP-OES analysis (model Optima 3200RL, ICP-OES, PerkinElmer, Norwalk, CT, USA) of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulphur (S), iron (Fe), manganese (Mn), zinc (Zn), barium (Ba), silicon (Si) and strontium (Sr). Carbon (C) and nitrogen (N) were separately quantified using an elemental analyser (Thermo EA 1108; Thermo Scientific, Milan, Italy).
Cellular redox state
Hydrogen peroxide contents were determined using the ferrous oxidation xylenol orange (eFOX) method as described by 256 Morales et al. Cheeseman (2006) and Queval et al. (2008) . Samples were ground in liquid nitrogen and extracted with 5% tricloroacetic acid using a Branson 2510 ultrasonic cleaner (Bransonic, Danbury, CT, USA) for 30 min. The mixture was centrifuged at 13,000 rpm for 10 min at 4 °C and the pellet re-extracted following the same procedure. One hundred microlitres of the pooled supernatants were neutralized with 0.2 M Na 2 CO 3 . The neutralized extract was divided into two aliquots of 50 µl, and 4 units ml −1 of ascorbate oxidase were added to each aliquot. To one aliquot, 50 units ml −1 catalase was added and then all aliquots were kept at room temperature for 10 min in darkness. From both aliquots, those with and without catalase, 10 µl samples were incubated with 190 µl of eFOX reagent. The reaction solution was incubated for 45 min at room temperature in darkness. Hydrogen peroxide levels were measured spectrophotometrically at 550 nm following the eFOX assay as described by Cheeseman (2006) . Ascorbate was assayed spectrophotometrically after Foyer et al. (1983) . Extraction was performed by grinding samples in liquid nitrogen, followed by addition of extraction buffer (6% metaphosphoric acid) using a Branson 2510 ultrasonic cleaner (Bransonic) for 30 min. The extract was centrifuged at 10,000 rpm for 10 min at 4 °C and the pellet re-extracted following the same procedure. Then, the two supernatants were pooled and the amount of reduced ascorbate estimated spectrophotometrically as described by Foyer et al. (1983) . The amount of total ascorbate was estimated by incubating the samples with dithiothreitol, and the amounts of dehydroascorbate was calculated as total ascorbate − reduced ascorbate. The oxidation state of ascorbate was calculated as DHA/(AA + DHA), where DHA is dehydroascorbate (oxidized ascorbate) and AA is reduced ascorbate.
The vitamin E composition of leaves, including both tocopherols and tocotrienols, was measured using methanolic extracts by high-performance liquid chromatography (HPLC) as described by Morales et al. (2014) . Chlorophyll was assayed spectrophotometrically in the same extracts after Lichtenthaler and Wellburn (1983) .
Stress-related phytohormones
Extraction and analyses of stress-related phytohormones, including ABA, SA and jasmonates, were performed using ultra-HPLC coupled to electrospray ionization tandem mass spectrometry (UHPLC/ESI-MS/MS) as described by Müller and Munné-Bosch (2011) . Jasmonic acid (JA) profiling included the measurement of 12-oxo-phytodienoic acid (OPDA), JA and jasmonoyl-isoleucine (JA-Ile). Deuterium-labelled compounds for all phytohormones were used as internal standards to estimate recovery rates for each sample.
Statistical analysis
Effects of plant size and season on the response variables obtained in the field were tested using an analysis of covariance (ANCOVA, Bonferroni adjusted), with seasonal effect as a random factor and plant size as a covariable. In addition, the response variables obtained in the field (parameters measured) were correlated by Spearman's rank correlation. All statistical tests were performed using the SPSS package (Chicago, IL, USA).
Results
Seasonal and plant size effects on water content, nutrient and phytohormone levels, and cellular redox state ANCOVA (Bonferroni adjusted) revealed significant seasonal and plant size effects for the parameters measured in this study ( Table 1) . While plant size exerted a significant effect on foliar Mg accumulation, RWC, stomatal conductance, total vitamin E levels and ABA and OPDA concentrations were significantly influenced by season. A 51% reduction in stomatal conductance was observed during the dry season, associated with a slight increase (3.6%) in RWC ( Figure 1) . Low soil-water availability during the dry season was associated with 40% higher
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Figure 2. Spearman's rank correlation analyses between magnesium (Mg) contents and plant size and chlorophyll levels (Chl a + b). Significant P values (<0.05) and corresponding regression coefficients (r) are shown.
total vitamin E levels, 51% higher foliar ABA concentrations and 26% lower foliar OPDA concentrations (Figure 1) . Foliar Mg content of V. gigantea increased as a function of plant size (increased stem perimeter of the plant, Figure 2) . Magnesium is required for photosynthesis as a key constituent of chlorophyll molecules (Marschner 1995) , and several studies have shown a positive relationship between Mg and chlorophyll levels ( Candan and Tarhan 2003, Tewari et al. 2006) . Therefore, we examined the levels of chlorophylls and confirmed this positive correlation in V. gigantea leaves (Figure 2) . It is noteworthy, however, that chlorophyll levels in and of themselves were not significantly affected by plant size in the present study (data not shown).
Water, nutrient and redox status are associated with the levels of stress-related phytohormones
Since dry season significantly increased ABA levels and significantly decreased OPDA levels (Table 1) , it was evaluated here whether or not water, nutrient and cellular redox also varied with the levels of the latter hormones (Table 2 ). Stomatal conductance negatively correlated with ABA, which positively correlated with the RWC (Table 2) that increased slightly during the dry season (Figure 1) . Both Fe and Si contents correlated with both ABA and OPDA levels, showing positive and negative correlations with the former and latter, respectively (Table 2, Figure 3 ). Manganese contents positively correlated with ABA levels, whereas Ba and Sr correlated negatively with OPDA Table 2 . Coefficient (r) and P-values (shown in parentheses) of Spearman's rank correlation analyses between the leaf water, nutrient and redox state with endogenous concentrations of stress-related phytohormones in V. gigantea under field conditions. Significant P values (<0.05) are shown in bold. (Table 2) . Moreover, OPDA positively correlated with N and negatively correlated with the C : N ratio (Table 2) . Phosphorus contents negatively correlated with JA-Ile, thus suggesting high JA-Ile levels at low P concentration (Table 2) . Hydrogen peroxide levels correlated positively with ABA and negatively with OPDA concentrations (Table 2, Figure 4) . If the outlier showing the highest H 2 O 2 levels is excluded from these correlations, both correlations are even more significant (r = 0.235 and P = 0.025 for H 2 O 2 vs ABA; r = −0.250 and P = 0.018 for H 2 O 2 vs OPDA). Dehydroascorbate levels negatively correlated with SA concentrations (Table 2) . Abscisic acid levels negatively correlated with OPDA concentrations, and JA with JA-Ile levels, but neither of these latter correlated with OPDA (Table 2) .
Furthermore, vitamin E levels positively correlated with H 2 O 2 and ABA levels (Figures 5 and 6) , and negatively correlated with OPDA concentrations (Figure 7) . In summary, ABA and OPDA concentrations that are negatively correlated with each other exhibit an association with soil-water availability (as assessed by stomatal conductance), as well as with foliar Fe, Si and H 2 O 2 levels.
Discussion
Vellozia gigantea plants are adapted to grow under marked seasonal variations throughout the year. It is therefore expected that this species possesses efficient mechanisms to cope with environmental stresses. Previous studies conducted on this species demonstrate foliar vitamin E accumulation during the dry season which apparently acts to protect the photosynthetic apparatus from photo-oxidative stress (Morales et al. 2014) . Here, we extended our study of the ecophysiological responses of this species by investigating the possible role of vitamin E as a compound integrating responses at the hormonal level.
The present study demonstrates both the usefulness and the limitations of studies using plants growing in their natural habitat. Although such studies are limited to correlative evidence, such studies are needed to evaluate the relevance of the nature of evidence obtained with model plants under laboratory conditions. During the dry season, V. gigantea plants are exposed to reductions in soil-water availability typical of the winter in the rupestrian fields of Brazil (see Morales et al. 2014 for environmental conditions during the rainy and dry seasons). Soil-water deficit was accompanied by increases in foliar ABA Ecophysiology of the endemic plant Vellozia gigantea 259 concentrations and reductions in foliar OPDA levels. Interestingly, enhanced ABA levels during the dry season was not only associated with stomatal closure, but even with a slight improvement in leaf water status, as indicated by increases in RWC, thus indicating an efficient drought-avoiding strategy, as has been described for other species (Nardini et al. 1999) . Stomatal closure during the dry season was presumably induced by ABA leading to increased resistance to water stress (Zeevaart and Creelman 1988) . In addition, H 2 O 2 is a signal molecule required for stomatal closure in response to ABA, via activation of Ca 2+ channels (Pei et al. 2000 , Desikan et al. 2004 . Furthermore, ABA has also been shown to be involved in the activation of the antioxidant enzyme system through modulation of enzymatic activity and gene expression (Bright et al. 2006 , Lu et al. 2009 . Hydrogen peroxide has a role as a stress signal in plants, mediating a range of responses to environmental stresses (Neill et al. 2002) . In the present study, however, enhanced ABA levels in V. gigantea were not accompanied by increased H 2 O 2 levels during the dry season (Table 1) , although H 2 O 2 and ABA levels were positively correlated ( Figure 4) . It has been previously suggested that ABA not only induces stomatal closure to transpirational water loss but may also, additionally, trigger activation of antioxidant defences. For example, vitamin E biosynthesis has been shown to be modulated by ABA (El Kayal et al. 2006 , Munné-Bosch et al. 2009 ). Since both H 2 O 2 and ABA levels correlated with vitamin E levels in the present study, but only ABA exhibited a net increase during the dry season, it is possible that vitamin E levels during the dry season (see Morales et al. 2014 ) are modulated by ABA increases, rather than by H 2 O 2 . It should be noted that correlation coefficients were higher and P values smaller for the ABA-vitamin E correlation ( Figure 6 Foliar Fe and Si contents, similar to all other nutrients measured here, did not change during the dry season, thus indicating efficient nutrient homeostasis during periods of low water availability. Nevertheless, foliar Fe and Si levels were both correlated positively with ABA levels and negatively with OPDA levels. Foliar Fe and Si levels are both associated with root activity that enhances nutrient uptake and improves nutrient balance (Liang et al. 2007 ). These nutrients are presumably required for ABA synthesis during the dry season since the limiting step in ABA biosynthesis, 9-cis-epoxycarotenoid dioxygenase, requires a non-heme iron in its active site (Messing et al. 2010) . Rupestrian field soils are acidic, nutrient-poor soils with low P concentrations (Benites et al. 2007 , Lambers et al. 2010 . Plants possess strategies to enhance the acquisition of soil nutrients, such as exudation of carboxylates that aid in the release and mobilization of P and micronutrients such as Mn from the soil, thus causing high foliar Mn contents (Oliveira et al. 2015) consistent with the high foliar Mn levels in V. gigantea plants shown in the present study and, furthermore, consistent with the positive correlation between Mn levels and ABA levels shown here. A complex interaction among various nutrients (Fe, Si, Mn and P) may thus control hormonal levels of V. gigantea leaves. Mechanisms underlying nutrient homeostasis during the dry season and the link between nutrient and hormonal contents in this species warrant further investigation.
Jasmonates play a key role in plant responses to biotic stresses, including attack by herbivores, necrotrophic pathogens and wounding (Davies 2010) . The most important jasmonates include JA-Ile and JA, as well as the JA precursor OPDA. Jasmonoyl-isoleucine is an important plant messenger that regulates, for example, expression of genes involved in plant defence (Berger 2002 , Halitschke and Baldwin 2003 , Devoto and Turner 2005 . In addition to JA, OPDA also up-regulates defence in response to pathogen and insect attack and can act as a messenger independently of JA and JA-Ile (Danon et al. 2005 , Taki et al. 2005 . In the present study, OPDA levels decreased during the dry season, while JA and JA-Ile levels remained unaltered. JA, but not OPDA, has been shown to induce tyrosine aminotransferase activity, thereby increasing biosynthesis of tocopherols ( Sandorf and Holländer-Czytko 2002) . Our results provide correlative evidence that ABA, rather than jasmonates, induces vitamin E biosynthesis during the dry season. Furthermore, the fact that vitamin E and OPDA levels correlated negatively is consistent with vitamin E playing a role in controlling jasmonates as it has been shown in model plants (Cela et al. 2011) . Our results thus support a role for vitamin E, as appears to be the case for other chloroplast photoprotective molecules (see below), in the regulation of abiotic and biotic defenses. Evidence obtained thus far with mutants defective in thermal energy dissipation of excess energy in the chloroplast and in antioxidant protection suggest a link between increased ROS levels, increased oxylipin levels and increased defenses against certain pests or pathogens, such that a defect in photoprotective capacity can lead to altered plant responses to biotic stress (for reviews, see Demmig-Adams et al. 2013 ). This conclusion is unambiguously supported by our present study, where reduced accumulation of jasmonates was observed during the dry season in V. gigantea plants. In other words, ABA stimulates not only stomatal closure but, apparently, also tocopherol biosynthesis during the dry season as a protective response, but this response apparently turns down other defensive responses, such as OPDA accumulation, which may possibly compromise resistance to biotic stress during the dry season. Direct assays assessing biotic stress resistance during the dry season are needed to further evaluate this possibility.
A model is proposed to explain plant response to soil-water availability in V. gigantea considering some of the key variables measured in the present study (Figure 8 ). It is proposed that ABA plays a pivotal role in the ecophysiological response of V. gigantea to environmental stresses. Abscisic acid increases presumably induce stomatal closure and favour vitamin E accumulation. Enhanced vitamin E levels during the dry season may serve a photoprotective role, but at the same time presumably reduce OPDA levels, thus possibly compromising biotic stress resistance. It will be essential in future studies to examine the effects of vitamin E accumulation in biotic stress resistance, in particular considering its relationship with ABA and jasmonates effects.
Conclusions
Soil-water scarcity during the dry season triggers not only stomatal closure induced by ABA but also vitamin E synthesis and presumably increased antioxidant defences. The possibility is raised that vitamin E increases may, in turn, result in reduced accumulation of jasmonates, thus possibly compromising resistance to biotic stresses. It is proposed here that ABA plays a pivotal role in the ecophysiological response of V. gigantea to environmental stresses.
